Abstract. Phosphoinositides(4,5)-bisphosphates [PI(4,5)P 2 ] critically controls membrane excitability, the disruption of which leads to pathophysiological states. PI(4,5)P 2 plays a primary role in regulating the conduction and gating properties of ion channels/transporters, through electrostatic and hydrophobic interactions that allow direct associations. In recent years, the development of many molecular tools have brought deep insights into the mechanisms underlying PI(4,5)P 2 -mediated regulation. This review summarizes the methods currently available to manipulate the cell membrane PI(4,5)P 2 level including pharmacological interventions as well as newly designed molecular tools. We concisely introduce materials and experimental designs suitable for the study of PI(4,5)P 2 -mediated regulation of ion-conducting molecules, in order to assist researchers who are interested in this area. It is our further hope that the knowledge introduced in this review will help to promote our understanding about the pathology of diseases such as cardiac arrhythmias, bipolar disorders, and Alzheimer's disease which are somehow associated with a disruption of PI(4,5)P 2 metabolism.
Introduction
Phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P 2 ], also called PItdins(4,5)P 2 , is known to localize in the nucleus but mostly exists in the inner leaflet of the plasma membrane (1) . PI(4,5)P 2 is a minor lipid in the membrane components, being only 1% -3% of the total lipid content (2) . In cellular responses, PI(4,5)P 2 acts in key roles such as cytoskeletal organization, cell motility, endocytosis regulation, and regulation of ion conducting molecules. Dysfunction in a role of PI(4,5)P 2 thus accompanies many forms of diseases occurring in cardiac or neuronal systems such as cardiac arrhythmia (3), bipolar disorder (4) , and Alzheimer's diseases (5) . The linkage between cardiac disease and PI(4,5)P 2 is obvious because PI(4,5)P 2 regulates several types of K + channels that have an essential role in maintaining the membrane excitability in cardiac cells (6) . PI(4,5)P 2 metabolism has been implicated in bipolar disorder, but the relation between PI(4,5)P 2 and this disease is likely more complicated. However, genetic studies also suggested the linkage between phosphoinositides (PIPs) metabolites and bipolar disorder (4, 7). Thus, it is possible that an abnormal neuronal excitability in bioloar disorder is induced by a functional changes of ion channel and transporter through PI(4,5)P 2 or its metabolites regulation. Recent observations of PI(4,5)P 2 's role in disease is intriguing but further complicated, wherein the elevation of PI(4,5)P 2 by Alzheimer's synaptojanin1 [PI(4,5)P 2 -phosphatase] reduction may lead to a neuroprotective role against Alzheimer's disease (5) . To obtain a more clear linkage between PI(4,5)P 2 levels and these diseases, appropriate approaches to manipulate PI(4,5)P 2 levels seems to be the clue to this field. In addition, several studies of PI(4,5)P 2 's function have sometimes yielded controversial results, and in the case of ion transducing molecules, PI(4,5)P 2 regulation often yielded directly conflicting results as follows: TRPV1, a heat and capsaicin-activated non-selective cation channels, can be negatively regulated by PI(4,5) P 2 . This conclusion was mainly obtained by using a PI(4,5)P 2 antibody and activation of phospholipase C (PLC) (8, 9) . In contrast, other researchers have shown that PI(4,5)P 2 can have an activating effect on TRPV1 (10, 11) . In these studies, PI(4,5)P 2 levels were manipulated by poly-lysine, dic-PI(4,5)P 2 , PH-domain, and VSP. Such contradictory reports have utilized different approaches to manipulating PI(4,5)P 2 level, and thus raise questions as to whether the PI(4,5)P 2 manipulations in these studies have been conducted using comparable methods. For this reason, we have summarized the several different methods used to manipulate PI(4,5)P 2 levels. This review aims to assist researchers to conduct proper PI(4,5)P 2 manipulation as well as to give technical hints to find out the linkage between PI(4,5)P 2 metabolites and diseases.
Chemical features of PI(4,5)P 2
PI(4,5)P 2 is an acidic (anionic) phospholipid that consists of a phosphatidic acid backbone, linked via the phosphate group to a bisphosphorylated inositol (hexahydroxycyclohexane) (Fig. 1) . PI(4,5)P 2 possesses several different lengths and saturations of fatty acids, which consist of palmitic, stearic, linoleic, and arachidonic acids, attached at the C-1 and C-2 positions (12) . PI(4,5)P 2 , in particular, consists of one chain of stearic acid (C18) at the C-1 position and another chain of arachidonic acid (C20) at the C-2 position (Fig. 1) . The arachidonic acid is a polyunsaturated fatty acid, while the stearic acid is a saturated fatty acid. In several types of PIPs in mammalian cells, the specific properties of PI(4,5)P 2 are largely determined by the characteristics of the head group (inositol ring). The structure of inositol is a sixfold alcohol (polyol) of cyclohexane which is found in four possible stereoisomers in nature (myo, scyllo, d-chiro-(+), neo). Amongst them, the most abundant form is myo-inositol. PI(4,5)P 2 is synthesized from phosphatidylinositol (PI) in two steps catalyzed by PI 4-kinase and PI(4)P 5-kinase that place the phosphate moieties on the positions 4 and 5 of the inositol ring, respectively (2, 13) . As the result, PI(4,5)P 2 has vicinal phosphates moieties and is highly negatively charged. At pH 7.0, PI(4,5)P 2 has the charge of −4, which is almost identical to PI(3,4)P 2 but weaker than PI(3,4,5)P 3 (charge of −5.1) (14) . The benefit of PI(4,5)P 2 for ion channels has been described by Suh and Hille; PI(4,5)P 2 can act as a flag to localize the channel in a functional form in the plasma membrane (6) . However, these chemical features would not solely contribute to the specific localization of PI(4,5)P 2 , but a unique inter-or intra-molecular hydrogen bond network may explain the importance of PI(4,5)P 2 for the recognition of its associating molecules (14) .
Recent studies have demonstrated that PI(4,5)P 2 is enriched in micro-domains of the cell membrane in vitro (15, 16) and in vivo (17 -19) . Although the physiological function of this PI(4,5)P 2 enrichment (clustering) is not clearly established, it is intriguing to envisage the possible roles of PI(4,5)P 2 in ion channel-related physiology such as neurotransmitter release. The PI(4,5)P 2 -enriced micro-domain may beckon vehicles to the plasma membrane upon Ca 2+ influx. Albeit outside the scope of this review, it is worth mentioning that we have observed clear co-localization of PI(4,5)P 2 -rich and TRPC6 channel-enriched regions in the cell membrane (unpublished data). Thus, co-localization of PI(4,5)P 2 and ion channels may be a key finding for understanding ion channel regulation. PI(4,5)P 2 signal and pharmacological approaches to manipulating PI(4,5)P 2 PI(4,5)P 2 is hydrolyzed by phospholipase C (PLC) upon receptor stimulation to produce diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ) (20, 21) . These molecules can independently act as second messengers and the latter triggers Ca 2+ release from intracellular Ca 2+ stores. In other words, the breakdown of PI(4,5)P 2 is inevitable whether PLC-coupled receptor is stimulated to greater or lesser degrees. The activations of another type of PLC-coupled receptors also reduce PI(4,5)P 2 level, which include the following members: the human epidermal growth factor receptor (HER) family and insulin/insulin-like growth factor 1 (IGF-1R) receptors, resulting in the phosphorylation of PI(4,5)P 2 by phosphoinositide 3-kinases (PI3K) to generate PI(3,4,5)P 3 (22, 23) . PI(3,4,5)P 3 can act as a docking site for Akt, a serine/threonine kinase that is the central mediator of the PI3K pathway. Once localized at the cell membrane, Akt is phosphorylated to stimulate protein synthesis and cell growth by activating mammalian targets of rapamycin (mTOR). This PI3K-mTOR signal pathway starting from PI(4,5)P 2 phosphorylation is integral to diversify cellular functions, including cell metabolism, proliferation and differentiation, and tumor formation (24) . To control the level of PI(4,5)P 2 , applying inhibitors for the signaling molecules related to PI(4,5)P 2 metabolism is a relatively readily-handled and noninvasive approach. The following section will describe well-known inhibitors widely used to interfere with the PI(4,5)P 2 related signaling. 
PLC inhibitors (Fig. 2A, part I)
Several types of PLC-modulating compounds are reported: U73122 and edelfosine (ET-18-OCH 3 ) as inhibitors and benzenesulfonamide and m-3M3FBS as activators (25) . Among these, U73122 is the best-known and a broad-range inhibitor for PLC (26) . U73122 is a membrane-permeable steroid that has been used as an important tool for establishing a link between PLC activation and cellular Ca 2+ signaling (27) . The mechanism for U73122's actions is unclear, but it may interrupt the coupling between G-protein and PLC or decrease substrate availability for PLC (28) . This compound has helped to separate PI(4,5)P 2 reduction by G-protein stimulation through its direct effects on G-proteins. In several ion channel studies, pre-incubation with U73122 abolished receptor-induced inhibition of potassium currents flowing through voltage-gated KCNQ2/3 (K V 7.2/K V 7.3) (29, 30) , Kir (31, 32) , GIRK (33), K ATP (34) , and TASK-1 (two-pore domain K + channel) channels (35) . Similar effects were also observed for another PLC inhibitor, edelfosine, in KCNQ2/3 (K V 7.2/K V 7.3) channels (36, 37) . U73122 also demonstrates PI(4,5)P 2 -related effects on other ionic currents such as UTPinduced P2X3 purinergic receptor current (38) , substance P-induced TRPV1 current (39) , and volume-regulated anion current (VRACs) (40) . However, U73122 not only inhibits PLC, but also activates multiple targets including cation channels (41) and surprisingly some of the PLCs themselves (42) . To exclude these unspecific effects, U73343 a structurally similar, inactive analog of U73122 can help to ensure that the observed effects are mediated via the modulation of PLC activity (43) .
Wortmannin (Fig. 2A, part I)
PI(4,5)P 2 is synthesized from PI by PI4K and PI5K. Wortmannin is an antibiotic isolated from the fungi Penicillium wortmanni Klöcke and a membrane-permeable covalent inhibitor of PI3Ks working at low concentrations (5 -200 nM) (44, 45) . This compound could also partially inhibit PI4-K such as PI4K230 and PI4K92, when it is used at higher concentrations (5 -30 mM) (46) . These inhibitors do not decrease the basal level of PI(4,5)P 2 , but intriguingly impairs the re-synthesis of PI(4,5)P 2 after the stimulation of PLC-coupled GPCR (47) . Wortmannin is thus useful for investigating the recovery of PI(4,5)P 2 regulated ion channel/ion transporter activities from PI(4,5)P 2 depletion-induced changes after robust stimulation of GPCR. We can assume a priori that the recovery process of currents is closely related to re-synthesis or replenishment of PI(4,5)P 2 . In support of these results, the recovery of currents after robust GPCR stimulation is clearly slowed in eag-1 channels (48) and two-pore domain K + channels (49) .
The other evidence shows that wortmannin enhances the KCNQ2/3 channel's inhibition by GPCR stimulation (50) and causes a negative-shift of the voltage-dependency of HCN channels (51, 52) . In our previous studies, the application of wortmannin (30 mM) produced intriguing effects on Dr-VSP (danio rerio voltage-sensing phosphatase, described below) mediated inhibition (VMI) of OAG-induced TRPC3/6/7 currents; In the presence of wortmannin, VMI diminished in a time-dependent manner by applying OAG (53) . This may mean that wortmannin would progressively uncouple the interaction between PI(4,5)P 2 and the TRPC channels. However, caution should be taken against wortmannin also inhibiting other enzymes such as smooth muscle myosin light chain kinase (MLCK) (54) , glycogen synthase kinase-3 (55), and mitogen-activated protein kinase (MAPK) (56) . It is thus still uncertain whether the observations described above would involve direct actions of PI(4,5)P 2 on target channels.
PI4K inhibitors
LY294002 is one of the useful drugs to manipulate other phosphoinositides other than PI(4,5)P 2 , which have a phosphate in the 3rd position of the inositol ring, such as PI(3,4)P 2 , PI(3,5)P 2 , and PI(3,4,5)P 3 , through inhibition of PI3K (57, 58) (Fig. 2A, part II) . LY294002 is membrane-permeable. Ten minutes to several hours of pre-incubation with LY294002 is enough to decrease the levels of PI3K-related PIPs. In KCNQ2/3 channels, preincubation with LY294002 failed to block the recovery from current inhibition after muscarinic receptor stimulation (29) . Contrary to this ineffectiveness, prolonged incubation with LY294002 demonstrated an accelerated inactivation of ATP-gated P2X2 current due to reductions of PI(3)P and PI(3,5)P 2 , rather than that of PI(4,5)P 2 (59) . Furthermore, the requirement of PI(3,4,5)P 3 is demonstrated in the activation of volume-regulated outwardly rectifying anion current by LY294002 (60) . These results indicate the importance of PIPs other than PI(4,5)P 2 in ion channel regulation. Upon growth hormone receptor stimulation, PI3K-mediated PI(3,4,5)P 3 production can radically increase (within 10 s) by 40-fold compared to the resting state (61) . This drastic increment of PI(3,4,5)P 3 is quickly terminated by its dephosphorylation via PI3-phosphatase PTEN to restore PI(4,5)P 2 level. Such transient increments/decrements of PI(4,5)P 2 may affect channel activity.
Bisperoxovanadium (BpV) compounds are membranepermeable, selective inhibitors for a tumor suppressor molecule PTEN (IC 50 = 38 nM) (62) (Fig. 2A, part I) . Inhibition of PTEN by BpV keeps the PI(3,4,5)P 3 concentration high enough to produce direct effects of PI(3,4,5)P 3 on channel activities. However, this compound also inhibits tyrosine phosphatases (63) . For that reason, BpV compounds are often used to modify the phosphorylated state of the tyrosine residues of ion channels such as BK-channels (64) rather than phosphoinositides-mediated regulations. The involvement of PI(3,4,5)P 3 has been shown in ENaC (65), cyclic nucleotide-gated channels (66), TRPC1/5/6 channels in native smooth muscle cells (67) , and L-type Ca 2+ channels (68) . This points to the importance of PI(3,4,5)P 3 in controlling the ionic flow in growth hormonemediated signaling. Fig. 2A, part II) PI5K greatly contributes to maintaining/increasing the PI(4,5)P 2 level due to the abundance of its substrate PI(4)P in the plasma membrane (23) . Inhibition of PI5K by pharmacological interventions would have critical impact on manipulation of PI(4,5)P 2 . So far, there is no well-established inhibitor for PI5K. However, a very recent study reported an inhibitor specific for the PI5K1C subtype PI5K, 'UNC3230' (69). PI5K1C is abundantly expressed in neurons and contributed more than 50% of PI(4,5)P 2 production in the DRG neuron (69) . In the near future, this PI5KC-specific inhibitor may provide a new aspect of the PI(4,5)P 2 -mediated regulation of ion channels/transporters.
PI5K inhibitors (

Approaches from the cellular-side
dic-PI(4,5)P 2 , AASt-PI(4,5)P 2 : (Fig. 2A, part II) PI(4,5)P 2 is a minor component of membrane lipids, so direct addition of PI(4,5)P 2 is a straightforward strategy to investigate PI(4,5)P 2 -mediated regulations. Kir channels had rundown upon the cell in the inside-out mode (70) , but the naturally occurring arachidonyl-stearly (AAst) PI(4,5)P 2 was successfully used to re-activate the channels (71) . However, the native PI(4,5)P 2 has low solubility and sonication for 10 -30 min is needed to dissolve it in an aqueous solution. To overcome this low solubility, several artificial PI(4,5)P 2 derivatives with shorter acyl chains such as dic16, dic8, and dic4 are used to increase the membrane PI(4,5)P 2 level. The shorter forms of PI(4,5)P 2 may not exist in nature, but in particular, dic8-PI(4,5)P 2 has often been used to investigate ion channel regulation in a variety of experimental settings. A 10-mM concentration of diC8-PI(4,5)P 2 in the intracellular solution resulted in full recovery of TRPM4 current after complete rundown in the inside-out mode (72, 73) . A similar range of PI(4,5)P 2 restored TRPM5 and TRPM7 channel activities after their inactivation (74, 75) . In addition, this shorter acyl chain PI(4,5)P 2 was broadly applied in studies of ion channels/transporters such as TRPC6/7 channels (76), K V 7 channels (77, 78), Kir2.3 channels (79), and BK channels (80) . One serious concern about this compound is that the shorter acyl chain may reduce its hydrophobic interaction with ion channels. In fact, the crystal structure of Kir2.1 with dic8-PI(4,5)P 2 did not reveal their critical interaction in the trans-membrane domain (81) . Nevertheless, the shorter forms of PI(4,5)P 2 can significantly alter lipid bilayer properties assessed by gramicidin channel function (82) , and in many studies, more than the 10-mM concentration of shorter PI(4,5)P 2 is frequently used. It is thus important to be aware of the possibility that the observed effects of short PI(4,5)P 2 may reflect its membrane properties rather than its interaction with channel protein. Fig. 2A, part II) 
Scavengers for PI(4,5)P 2 (
Polyamines
Contrary to the strategy of increasing PI(4,5)P 2 , decreasing of the PI(4,5)P 2 level may be more relevant to addressing its effect. This is because reduction of PI(4,5)P 2 occurs naturally during receptor stimulation. Since PI(4,5)P 2 is highly negatively charged, the electrostatic sequestration of PI(4,5)P 2 by applying basic molecules has been employed in many ion channel studies. Poly-l-lysine (M.W. from 0.5 to 10 kDa), neomycin (83) , and spermine (84) are frequently used to investigate PIPs-mediated regulation. The number of negative charges is in the order of neomycin > poly-llysine > spermine. In the case of neomycin, its effective concentration range to scavenge PI(4,5)P 2 is estimated to be between 1 and 10 mM (85). These compounds can be applied intracellularly, and were successfully used to demonstrate PI(4,5)P 2 -mediated regulation in K ATP channels (86, 87) , Shaker potassium channels (88) , and other types of potassium channels (89) . In addition to these molecules, some proteins also contain basic amino acid-rich regions. Growth associated protein 43 (GAP-43) and myristoylated alanine-rich C-kinase substrate (MARCKS) contain 7 to 10 basic residues clustered in a small area and are known to sequestrate PI(4,5)P 2 through electrostatic interactions (2) .
There is no clear evidence that the sequestration by GAP-43 and MARCKS contributes to PI(4,5)P 2 -mediated regulation of ion channels/transporters or that high expression of these proteins may exert substantial effects in physiological conditions. Intriguingly, binding of Ca 2+ /calmodulin (CaM) to the above-described domain releases the proteins sequestrated to PI(4,5)P 2 . The complex interactions among PI(4,5)P 2 , Ca 2+ , CaM, and channel protein may underlie the regulation of some ion channels. However, application of polyamines or proteins containing basic rich region(s) to PI(4,5)P 2 can remove some other phosphoinositides and negatively charged small molecules from the membrane. It may thus be better to use more PI-specific tools such as PI(4,5)P 2 antibody as described below.
PI(4,5)P 2 -antibody
Monoclonal PI(4,5)P 2 antibody is a commonly and routinely used tool to investigate PI(4,5)P 2 -mediated regulation of ion channels/transporters (6) . Scavenging PI(4,5)P 2 by anti-PI(4,5)P 2 antibody sounds difficult because PI(4,5)P 2 would be dynamically synthesized or degraded in the living cell's membrane. Nevertheless, PI(4,5)P 2 antibody is quite successful to modify PI(4,5)P 2 -mediated regulations because of its high specificity. The cross reactivity of less than 5% has been found to other PIPs (90) . Furthermore, this antibody could catch PI(4,5)P 2 in both intact and paraformaldehyde-fixed membranes (91) . In the living cells, the effects of this antibody can be attained by direct injection or passive perfusion through the patch pipette into the cell. The effect of PI(4,5)P 2 antibody on ion channel regulation was found to emerge after several minutes to 10 minutes after the start of the whole cell mode (71, 73) and within several minutes in the inside-out patch mode (75) .
Magnesium ion
Mg
2+ is the most abundant divalent cation (> 1 mM) in resting cells. The effect of Mg 2+ is independent of PI(4,5)P 2 in some K + channels where it blocks an outward-going ionic flow directly which is responsible for the fast inward rectification (92 -96) . Cytosolic Mg 2+ also regulates channel activities by reducing the availability of PI(4,5)P 2 bound to the channel (e.g., KCNQ2/3 channels) (97) . This interference of PI(4,5)P 2 -KCNQ2/3 channels association by Mg 2+ can occur at 0.5 mM, indicating that Mg 2+ in a physiological concentration range can regulate ion channel activities though alteration of PI(4,5)P 2 -protein interactions. A similar mechanism is also operating in Mg 2+ -permeable TRPM6/7 channels. Local increments of PI(4,5)P 2 following the activation of TRPM6/7 channels may disrupt the binding of PI(4,5)P 2 to the channel protein. This is reminiscent of a negative feedback regulation that is often seen in Ca 2+ -permeable channels (75, 98 -100) . It should however be noted that the cytosolic Mg 2+ may also be involved in G-proteinmediated signaling. It is shown that Mg 2+ is necessary for the onset and termination of G-protein-coupled signaling (101, 102) . Therefore, the roles of Mg 2+ in the PI(4,5)P 2 -ion channel coupling are diverse and complex involving many factors, and this would become even more complex, especially when the receptor is somewhat stimulated.
Newer generations of techniques to manipulate PI(4,5)P 2
Dr-VSP, Ci-VSP, Ci-VSPPTEN
The first new technique for PIPs, the voltage-sensing phosphatase (VSP), is composed of a transmembrane voltage sensor and a PI phosphatase (103, 104) . VSP voltage-dependently dephosphorylates PI(3,4,5)P 3 to PI(3,4)P 2 or PI(3,4)P 2 and PI(4,5)P 2 to phosphatidylinositol 4-phosphate (PI(4)P) (105, 106) (Fig. 2B, left) . By depolarization under the whole-cell voltage clamp, activated VSP preferentially dephosphorylates plasma membrane PI(4,5)P 2 because of its relative abundance among PIPs in resting cells (Fig. 2B, left) . The half activation voltages (V half ) of Ciano intestine-and Danio rerio-derived VSPs (Ci-VSP, Dr-VSP), which are estimated from their Q -V curves, are around +44 mV and +94 mV, respectively (107 -109) . Based on the size of the gating charge (Q), Dr-VSP expression may be a more robust in mammalian cells than Ci-VSP (107). Either Ci-VSP or Dr-VSP has already been utilized in many studies, such as KCNQ2/3 channels (109), voltagegated Ca channels (110), TRPML1 (111), TRPM8 (112, 113) , TRPM6 (99), TRPV1 (114), TRPC3/6/7 channels (53), K V channels (115, 116) , and TASK channels (117) .
In voltage-gated ion channels, VSP-mediated effects have to be separated from the voltage-dependent activation or inhibition of the channels per se. However, thankfully, several types of VSP with different voltagesensitivities have been developed. With varying mutations in the S4 segment and near the voltage-sensing region, engineered VSPs demonstrate differential V half without changes in their enzymatic activities. In recent studies, we applied such V half -shifted VSPs to investigate the PI(4,5)P 2 -mediated regulation of TRPC channels (118) . With these VSPs, we have concluded that there is no clear relation between the membrane potential and the inhibition by PI(4,5)P 2 reduction in TRPC6 channels. Several lines of evidence suggest that VSPs quickly activate within a few msseconds upon depolarization, and rapidly deactivate (probably within 100 ms) after repolarization to the resting potential. Such rapid activation and deactivation of VSPs are instrumental to estimate the residential time of PI(4,5)P 2 on KCNQ2/3 channels, which was shown to be < 10 ms (109) . This transient and repetitive reduction of PI(4,5)P 2 also allowed us to quantitatively manipulate PI(4,5)P 2 . In our further voltage-clamp study, by controlling the extent of PI(4,5)P 2 decrease with a step-pulse protocol, we can determine the affinity of PI(4,5)P 2 for TRPC3/6/7 channels to obtain the K d values of 1 -10 mM (119).
Beyond naturally found VSPs, the catalytic domains of VSP and PTEN have been exchanged to engineer Ci-VSPPTEN (120) . The Ci-VSPPTEN induces depolarization-induced depletion of PI(3,4,5)P 3 and PI(3,4)P 2 , as well as increase of PI(4,5)P 2 . This altered PI sensitivity is expected from the substrate specificity of PTEN. Such engineered VSPs will encourage us to more elaborately investigate the regulation of ion channels/transporters by PI(3,4,5)P 3 in the future.
Chemically induced recruitment of PI-metabolite enzymes
Rapamycin is a membrane permeable antibiotic compound that has structural similarity to the potent immunosuppressant FK506 (121) . Rapamycin binds with an extremely high affinity to the FK506-binding protein (FKBP, M.W. 12 KDa; K d -0.2 nM) as well as the FKBP-rapamycin binding domain (FRB) of mTOR (122) . Internal bridge formation by rapamycin enforce a protein-protein interaction between FRB and FKBP, by which the localization of each protein is controlled in a partner-dependent manner. Upon applying rapamycin, membrane-attached FRB can quickly (within several seconds to minutes) recruit a PI signal-related enzyme which is fused with FKBP. As described above, because rapamycin provides a high-affinity interface for the FRB-FKBP complex, recruited molecules are almost permanently resident in the same place.
In this way, many PIPs-related enzymes were successfully recruited to the plasma membrane recruited PIPs, being exemplified by PI5K (123) ; inositol polyphosphate-5-phosphatase E (INPP5E) (124) ; an engineered enzyme carrying both 4-phosphatase and 5-phosphatase activities (called as Pseudojanin) (124) (Fig. 2B, right) , PI3-phosphatase (MTM1) (125) and type IV 5-ptase (126) . This approach was also elegantly applied to the studies on PI(4,5)P 2 -mediated regulation of KCNQ2/3 channels (127), in which the effect of rapamycin application appeared only in about 5 s. The same approach was also used for other types of voltage-gated potassium channels (116) , TRPV1 channel (128), voltage-gated calcium channels (110) , TRPM8 channel (126), TRPM6 channel (99) , and TRPML1 channel (111) . This approach will facilitate the discovery of many ion channel/ transporter-regulating targets (not restricted solely to phosphoinositides), but also of numerous molecules whose cellular localization is relatively difficult to control.
Other choices of PI(4,5)P 2 manipulation (PLC, Optogenetic control)
Besides those described above, there are even more approaches with different strategies to manipulating PI(4,5)P 2 . For instance, over-expression of the PH (Pleckstrin Homology) domain of PLCd and PLCcoupled GPCR are frequently used to eliminate free PI(4,5)P 2 and enhance the depletion of PI(4,5)P 2 by receptor stimulation, respectively. In addition, similar to the chemical compound-induced enzyme recruitment technique as described above, an interesting optogenetic control of phosphoinositide metabolism was also recently developed. This approach is based on the light-induced dimerization of a pair of two plant proteins, the transcription factor CIB and cryptochrome 2 (CRY2) (129) . In this approach, with clever molecular engineering, the inositol 5-phosphatase domain of OCRL (5-ptase OCRL ) fused to CRY2 is recruited to the plasma membrane within seconds in response to blue light illumination, the logic of which is similar to that of the methods of chemically induced recruitment as described (Fig. 2B,  right) . The effect of PI(4,5)P 2 reduction is also confirmed as the robust inhibition of PI(4,5)P 2 -sensitive KCNQ2/3 currents (129). This light-inducible technique carries an additional advantage in the sense of reversibility and the possibility of local enzyme recruitment over the chemical-induced technique.
Imaging of PI(4,5)P 2
How can we detect such the manipulated PI(4,5)P 2 levels in living cells? Up to now, several types of PI(4,5)P 2 sensor were developed, but the most widely used PI(4,5)P 2 sensor is a fusion protein consisting of the PH-domain of PLC and fluorophore proteins (130) . The localization analysis of the GFP-fused PH-domain has been conducted with high resolution microscopy such as confocal microscopy and stimulated emission depletion (STED) microscopy, the latter of which was utilized to solve an intriguing clustering of PI(4,5)P 2 (18) . However, approaches to relying on high-resolution microscopy may often be difficult for dynamic changes of PI(4,5)P 2 levels during PLC stimulation due to the changes of the plasma membrane structure. To avoid this difficulty, detection of FRET signals from membrane bound PH-domain proteins is useful where the energy transfer happens between two different fluorophores (CFP and YFP), each of which are fused with PH domain proteins (17) . This technique is quite useful, especially when it is combined with electro physiological experiments (109, 112, 119) . However, there is always the concern that the expression of PI(4,5)P 2 sensor by-itself acts as a scavenger of PI(4,5)P 2 as described. Furthermore, specificity of PH-domain is also problematic. The PH-domain of PLCd has high affinity for PI(4,5)P 2 (K d -2 mM) but has even more high affinity for IP 3 (K d -0.1 mM); thus the GFP fused PH-domain also acts as a sensor for IP 3 (131) . For that reason, we still need to search or design PI(4,5)P 2 -specific probes in the future to distinguish the behavior of PI(4,5)P 2 in lipid membrane from those of various phosphoinositides metabolites.
Concluding remarks
As we summarized in this review, albeit difficult and confounding, we must consider how to choose the method of manipulating PI(4,5)P 2 for each experimental purpose. In any case, we still do not have a perfect approach to controlling the amount of PI(4,5)P 2 in the cell, and thus we had better choose an approach that seems most suitable for the properties of the respective ion channels. However, it is also important to carefully compare the advantages and disadvantages of several different approaches to manipulate PI(4,5)P 2 . In a paper studying K V channels and Kir 2.1 (116) , several tools to affect the PI(4,5)P 2 level, i.e., GPCR (M 1 R) agonists, VSP, and rapamycin-sensitive PI5-phosphatase were employed. Intriguingly, GPCR stimulation, VSP activation, and PI5-phosphatase recruitment all strongly depressed K V 7.2/7.3 currents, but the former was ineffective, while the latter two partially or strongly inhibited Kir2.1 channels. It was argued that Kir2.1 channels have much lower PI(4,5)P 2 affinity than K V 7.2/7.3 channels, and thus are insensitive to the PI(4,5)P 2 decrease induced by the GPCR stimulation.
However, it is known that GPCR stimulation would cause dissociation of the Gbg subunit from heterotrimeric G proteins, thereby activating GIRK channels via stabilization of the PI(4,5)P 2 -channel protein interaction (132) . Thus, it is possible that activated Gbg would alter the affinity for other types of channels to bind PI(4,5)P 2 . Such modulatory effects occurring upon GPCR stimulation were also observed for TRPC6/7 channels wherein robust GPCR stimulation dismissed the channel inhibition caused by VSP activation (53). Although we speculate that this loss of inhibition would most likely reflect markedly decreased availability of PI(4,5)P 2 for VSP, Gbg or other factors might also contribute to the alteration of PI(4,5)P 2 sensitivity. In short, PI(4,5)P 2 reduction through GPCR stimulation may have complex impacts on ion-channel activities.
The gates of ion channels often locate at the cytosolic border of the inner leaflet membrane, and this is believed to be the reason why PI(4,5)P 2 can significantly affect the gating mechanism of channels. PI(4,5)P 2 possesses a highly negatively charged inositol-ring and diffuses laterally or is clustered locally in the intracellular side of the plasma membrane. Such spatial inhomogeneity would generate more functional complexity for ionchannel regulation. For the future direction, mechanistic understandings about these aspects of PI(4,5)P 2 dynamics are still largely lacking, but the state-of-art approaches which will develop beyond the currently available technologies (VSP, chemical compound, or light-induced enzymes) will open up a new avenue to unraveling the fundamental roles of PI(4,5)P 2 -mediated regulation for ion channels/transporters.
